Objectives: Sepsis is the tenth leading cause of death in the United States. Despite extensive research, mortality rates for sepsis have not substantially improved in the last several decades. We describe an innovative phase II clinical trial design for evaluating the addition of l-carnitine to the treatment of vasopressordependent septic shock. Design: The design incorporates a variety of features to increase efficiency, including a normal dynamic linear dose-response model, adaptive randomization, and early stopping for futility or success based on the probability that a future phase III trial using a 28-day mortality outcome would be successful. Setting: Trial design and computer simulation of a trial to be conducted in the emergency department and ICU. Interventions: Proposed to study intravenous l-carnitine.
I t is estimated that severe sepsis occurs with an incidence rate of three cases per 1,000 person-years, resulting in approximately 750,000 affected persons annually in the United States. Of those affected, approximately two thirds require ICU services (1) . Sepsis ranks as the tenth leading cause of death in the United States with a hospital mortality rate of 30% resulting in 215,000 U.S. deaths annually (1, 2) . During the last 30 years, several new therapeutic strategies for sepsis have been investigated. Unfortunately, these therapies have had little impact on the mortality rate in patients with sepsis, and the present in-hospital mortality rate approximately equals the mortality rate from the 1970s (3) . These data underscore the need to investigate new therapeutic options for this devastating disease.
In a traditional clinical trial design, key characteristics are defined a priori and are not re-evaluated during the conduct of the trial. Examples of these trial characteristics include the assumed event rate in the control population and, in a phase II dose-finding trial, the region of the dose-response curve that is likely to be most clinically relevant. This approach may lead to substantial inefficiency or compromise important treatment goals. In a dose-finding trial with equal allocation across doses, for example, many of the subjects may ultimately be allocated to doses that are not in the clinically important region of the dose-response curve. These subjects yield little useful information about the doses of interest. These inefficiencies are particularly problematic in critically ill populations with high mortality rates, such as septic shock, because of ethical considerations, recruitment and consent challenges, and the time and resources required to perform trials in these populations.
In contrast, for a clinical trial that is adaptive by design, key trial characteristics evolve during the course of the trial according to predefined rules (4-6). One key trial characteristic that may evolve is the randomization probabilities used to allocate new subjects to the available treatment arms. For example, subjects can be preferentially allocated to the treatment arm that appears to be better performing, or similarly, subjects may be preferentially allocated to doses that appear increasingly to have clinically important benefits with an acceptable side-effect profile, as the emerging data identify those doses (5, (7) (8) (9) . These adaptations improve both the efficiency of the clinical trial and the ethical balance between patient risk, benefit, and acquired information.
Although the use of surrogate outcomes is standard in phase II studies, it must be recognized that they are of less clinical importance compared with primary endpoints used in the phase III studies, such as 28-day mortality. Many previous, early-stage sepsis trials with positive findings using surrogate outcomes have failed to translate into clinically important improvements in patient-centered outcomes in later confirmatory phase III studies. However, the use of a surrogate outcome that is closely linked to the definitive outcome of interest and is rapidly available for each subject would allow preferential allocation of subjects to drug doses that are most effective while, simultaneously, allowing calculation of the probability of success probability in a subsequent confirmatory trial based on the likely phase III endpoint. Using this methodology allows the optimal dose to be identified and only carried to phase III if the results are sufficiently promising.
TRIAL DESIGN Overall Design Strategy
We propose an adaptive, phase II trial to efficiently identify the dose of l-carnitine that provides the greatest improvement in the Sequential Organ Failure Assessment (SOFA) score (10) and simultaneously to assess the probability of success if that dose of l-carnitine was evaluated in a future phase III trial with a primary endpoint of 28-day mortality. To ensure we identify the best dose, a broad dose range will be considered (6, 12, and 18 g). If l-carnitine is effective, it is likely to exert its effects by improving multiple system organ function. Therefore, it is likely to have a direct effect on SOFA score and, accordingly, the change in SOFA score will be used to adaptively allocate subjects to the doses that are the most promising. This approach allows the initial consideration of a wide dose range but avoids the inefficiency of balanced randomization that would continue to allocate subjects to nonpromising doses even late in the trial. Because our overall goal is to develop a treatment that decreases the mortality associated with vasopressor-dependent septic shock, the criteria for assessing the futility or success of this phase II trial will be based on the mortality benefit seen with the most-promising l-carnitine dose. Specifically, the trial will utilize frequent interim analyses, and based on the predictive probability of success in a future phase III trial, the trial will be stopped as soon as either: 1) a dose of l-carnitine has been identified that is sufficiently promising to warrant investigation in a phase III trial, or 2) none of the three doses are sufficiently effective to warrant further investigation.
Primary Outcomes, Response Adaptive Allocation, and Adaptive Design Plan
The trial will enroll a maximum of 250 subjects allocated to four treatment arms (control, 6, 12, 18 g). The adaptive trial will utilize both the change in SOFA score at 48-hour posttreatment and the 28-day mortality as efficacy endpoints. It should be noted that if an enrolled patient dies prior to calculation of the 48-hour SOFA score, a SOFA score at the time of death is calculated, and this value is used in lieu of the 48-hour value. The allocation of subjects will be determined only by the observed change in SOFA score; however, interpretation of the trial results will be based on both the change in SOFA score and the 28-day mortality. For determining the probability of success in a phase III trial (with 28-day mortality as the final endpoint), we assume the phase III trial would utilize standard, frequentist approaches and enroll up to a maximum of 2,000 subjects, with half in a control arm and half receiving the selected dose of l-carnitine. A phase III trial of that size would have a power of 95% to detect a reduction of 28-day mortality from 40% to 32% or a power of 78% to detect a reduction from 40% to 34% with l-carnitine therapy.
A normal dynamic linear dose-response model is utilized to improve the efficiency in estimating the dose response across dose levels for both of the efficacy endpoints (7, 11) . During an initial "burn-in" period, 40 subjects are allocated equally among the treatment arms. From that point, an interim analysis is conducted after every 8 wk (approximately every 12 enrolled subjects). The purpose of the interim analyses are two-fold, namely 1) to adjust the randomization proportions, so the likelihood of assignment to each active treatment arm is proportional to the probability that that arm leads to the greatest improvement in SOFA score at 48 hours; and 2) to evaluate whether the prespecified rules for early termination have been met. These analyses are a necessary part of adaptive trials, and the type I error rate and statistical power of the trial have been determined under the assumption that these steps are implemented. This interim analysis information will be transmitted to the data coordinating center to assure the randomization is updated for clinical sites; however, neither the sponsor nor the steering committee will have access to these interim results. However, the trial will be overseen by a traditional data and safety monitoring board (DSMB), working under the rules of an approved charter, and the DSMB will have access to unblinded interim enrollment, outcome, and safety data so that they are able to verify that the adaptive design is implemented and performing as designed and that the trial remains ethically and scientifically appropriate throughout its duration. Without access to unblinded data, effective oversight of the adaptive aspects of the trial would be impossible. After the burn-in period, a blocked randomization approach will be used to ensure that approximately one-third of subjects are allocated to the control arm throughout the trial. This helps to ensure that the result is resistant to confounding due to secular trends in outcome.
At each interim analysis after the 100th enrolled subject, the trial may also stop early for success or futility. Specifically, the trial is stopped for futility if there is less than a 40% posterior probability that the most promising l-carnitine dose leads to an improvement in SOFA at 48-hour posttreatment. The trial may stop early for success if there is a greater than 90% posterior probability that the most promising dose of i-carnitine improves SOFA at 48-hour posttreatment, and the predictive probability of demonstrating superiority in a future phase III trial of 28-day mortality is greater than 70%. The goal is to create strong success criteria that will stop the trial early only in situations where the best dose is well defined and success in phase III is highly likely. These criteria for defining futility and success were refined through trial simulations to yield desirable operating characteristics (see Trial Operating Characteristics section).
Trial Simulations
To estimate the likely relationship between the change in SOFA score at 48 hours and 28-day mortality, SOFA score and mortality data from more than 250 subjects with inclusion criteria identical to the proposed trial were obtained from a multicenter observational study. All subjects in the source study were treated according to the Surviving Sepsis Campaign guidelines for the management of septic shock (12) . The observed mean change in SOFA score was 0.20 with a standard deviation of 2.69. The observed odds ratio for 28-day mortality, for each increase in SOFA of one point at 48 hrs, was 1.35 (95% confidence interval, 1.20-1.53). We used this relationship to generate virtual subjects for trial simulations, with l-carnitine having various hypothetical effects on the mean change in SOFA score and through this relationship on the 28-day mortality.
In order to evaluate the operating characteristics of the trial design, we conducted Monte Carlo simulations of the trial while assuming a variety of true dose-response relationships for both change in SOFA score and resulting 28-day mortality. For the purposes of simulation, subject enrollment was assumed to ramp up slowly over the first 12 weeks of the trial, reaching a plateau of 1.5 subjects per week. Under each of the scenarios listed in Table 1 (no, mild, and strong treatment effects), we simulated SOFA data for thousands of virtual subjects. Based on each simulated subjects' SOFA data, the background data was used to randomly assign a corresponding 28-day mortality outcome. From this large database of virtual subjects, we simulated thousands of possible trials. All trial design work and simulations were completed using the Fixed and Adaptive Clinical Trial Simulation Software from Berry Consultants, LLC, and Tessella (13) . Table 1 shows the resulting trial operating characteristics. Type I error is assessed by the probability of a positive trial under the null hypothesis that there is no relationship between l-carnitine dose and either SOFA score at 48-hour posttreatment or 28-day mortality. This trial has a type I error rate of 0.043. In this scenario, the trial stops early for futility with 43% probability, and the average sample size is 198.0 subjects. The trial was powered to detect an improvement in SOFA of two units at 48-hour posttreatment (see column entitled "Mild Treatment Effect" in Table 1 ). Under this scenario, the proposed trial has a power of 91.1% and stops early for success over two-thirds of the time. In this scenario, the average required sample size is 172.4 subjects, and the design is highly reliable in selecting the best dose to be carried forward. Moreover, it can be seen that under this scenario the trial efficiently allocates subjects to the best dose arm, maximizing the information gained per subject (Fig. 1) . Table 1 also demonstrates the performance if there is a very strong treatment effect, in which case the power of the trial is even higher and the required sample size smaller.
Trial Operating Characteristics

Global Interpretation of Trial Results
At the end of the trial, the trial is considered negative if there is either less than a 90% posterior probability that the most promising dose of l-carnitine improves SOFA at 48-hour posttreatment or less than a 30% predictive probability that the most promising dose of l-carnitine would be successful in a subsequent phase III trial. The trial is defined as positive if there is a greater than 90% posterior probability that the selected dose of l-carnitine improves SOFA at 48-hour posttreatment and if there is a greater than 30% predictive probability of success in a future phase III trial. Considering the high mortality rate of septic shock and the potential benefit of a successful sepsis treatment, even a moderate probability of success in phase III may be worth pursuing.
DISCUSSION
In this report, we describe an adaptive dose-finding clinical trial designed to evaluate l-carnitine in the treatment of vasopressor-dependent septic shock based on efficacy using a 48-hour SOFA score outcome and predictive probability of future phase III superiority using a 28-day mortality outcome. This allows the change in SOFA score to drive the response adaptive allocation while 28-day mortality is investigated as the phase III endpoint. The use of this methodology allows the optimal dose of l-carnitine to be identified and only carried to phase III if the mortality results are sufficiently promising. In the proposed trial design, preliminary data on the association between a surrogate outcome (SOFA score) and the 28-day mortality were used to allow for realistic simulations of trial data. These adaptations improve both the efficiency of the clinical trial and the ethical balance between patient risk, benefit, and acquired information. Designing a traditional phase II dose-finding clinical trial requires defining many key characteristics (e.g., the expected event rate in the control population, the region of the doseresponse curve to be evaluated, and the randomization ratio to be used in allocating subjects to the treatment arms) prior to enrollment of the first subject. Accordingly, in a traditional design, the determination of operating characteristics such as type I error rate, power, and the required sample size is based on the assumption that these characteristics are held constant and that unplanned modification based on accumulating information is likely to increase the likelihood of a type I error. This traditional approach may lead to substantial inefficiency by allocating subjects to active experimental doses that are not in the clinically important region of the dose-response curve or by continuing to enroll subjects when, despite having some effect on a biomarker or surrogate endpoint, the agent has little chance of success in a confirmatory trial. Thus, these subjects could be considered in effect "wasted" as they yield little useful information about the doses of interest or have little effect on the chance of successfully completing a confirmatory trial. These inefficiencies also raise ethical considerations, particularly in populations with high mortality rates, and highlight other trial issues such as recruitment and consent challenges, and the time and resources required. The adaptive trial design proposed here directly addresses many of these challenges and improves the efficiency and the ethical balance of the trial.
Previous authors have recommended changes in the current paradigm of clinical trials conducted in the critically ill. Specifically, the use of surrogate outcomes for 28-day mortality and new clinical trial designs have come to the forefront of critical care research agenda (14, 15) . In the design we propose, we utilize five key strengths of an adaptive trial design. First, a frequent interim analysis plan that allows ongoing assessment of evidence of treatment efficacy, rates of adverse events, and patient safety, all of which are important in this vulnerable population. Second, predefined decision rules determine whether the trial should be terminated early for success or futility. The third is response-adaptive randomization using a 48-hour SOFA score as the endpoint to inform the probabilities used to allocate subjects to the doses of l-carnitine. Fourth, a dose-response model is used to model the efficacy at the different doses allowing more efficient estimation. This method improves efficiency in locating the optimal dose of l-carnitine. Finally, we performed extensive trial simulations using historical data regarding the association between SOFA score and 28-day mortality to assure key performance characteristics (e.g., type I error rates, power, sample size, and accuracy in parameter estimation) are well characterized over a range of possible true treatment effects.
In our design, the trial result is considered a success if there is a greater than 90% posterior probability that the selected dose of l-carnitine improves SOFA at 48-hour posttreatment and a greater than 30% predictive probability of success in a future phase III trial. Although this chance of success in phase III may be considered low, it was chosen for several reasons. First, septic shock is a disease with a considerably high mortality rate, and thus, successful sepsis therapies with even a moderate chance of success in phase III are worth pursuing. Second, l-carnitine has a very favorable safety profile and is inexpensive, thus making our first rationale even more compelling.
CONCLUSIONS
This report describes an adaptive phase II design for the investigation of adding l-carnitine to the treatment of vasopressor-dependent septic shock. The design incorporates a variety of innovative features to increase efficiency such as a normal dynamic linear dose-response model, responseadaptive randomization, and early stopping. The resulting trial efficiently identifies the best dose of l-carnitine while providing guidance concerning whether to continue development into phase III.
